Introduction
============

Methicillin-resistant *Staphylococcus aureus* infections in humans and animals
------------------------------------------------------------------------------

### Methicillin-resistant *S. aureus* evolution

*S. aureus* is one of the most common pathogens among humans and animals. Since its description by Sir Alexander Ogston in 1882 and the German physician Friedrich J Rosenbach, it still remains a very successful bacterium.[@b1-vmrr-6-373] It shows a continuous evolution in terms of antibiotic resistance from the mid-1940s, when beta-lactamase producing strains were detected, till nowadays with the acquisition of vancomycin resistance determinants.[@b1-vmrr-6-373],[@b2-vmrr-6-373] *S. aureus* carries on the chromosome several genomic islands, including antibiotic resistance determinants and virulence genes.[@b3-vmrr-6-373] Genomic islands are mobile genetic elements and are classified according to the location of their attachment site and the evolution process of their integrase gene.[@b3-vmrr-6-373]

Methicillin-resistant *S. aureus* (MRSA) was first isolated in 1960, after the introduction of semisynthetic penicillins in the clinical practice, and soon became a worldwide health problem, spreading in hospital settings.[@b1-vmrr-6-373],[@b4-vmrr-6-373] Methicillin resistance is due to the expression of a new penicillin-binding protein (PBP2a), a transpeptidase encoded mostly by *mecA* gene, located in a mobile genetic element, staphylococcal cassette chromosome (SCC), known as SCC*mec*.[@b1-vmrr-6-373],[@b3-vmrr-6-373] The generation of MRSA is a result of SCC*mec* integration into the *oriC* region of a methicillin-susceptible *S. aureus* (MSSA). Until now, eleven SCC*mec* types (I--XI) have been registered, but since whole-genome sequencing analysis continues new types are expected to be characterized.[@b3-vmrr-6-373] SCC*mec* types I--III were first identified in hospital-associated MRSA strains, carrying several additional antibiotic resistance determinants.[@b3-vmrr-6-373],[@b4-vmrr-6-373] Shorter in their length are SCC*mec* types IV and V, carrying only *mec*--gene complex expressing a more susceptible phenotype to antimicrobials and were first isolated from community-associated infections.[@b3-vmrr-6-373],[@b4-vmrr-6-373] Another *mecA* homolog is *mecC* that is located in SCC*mec* type XI and characterized in strains of animal and human origin.[@b3-vmrr-6-373]

### Methicillin-resistant *S. aureus* infections in humans

MRSA causes 80,000 invasive infections and 11,000 resultant deaths, as reported from the USA in 2011.[@b5-vmrr-6-373] Rates of asymptomatic nasal colonization in the general population range from 1.5% for MRSA to ≥30% for *S. aureus* at any given time.[@b6-vmrr-6-373],[@b7-vmrr-6-373] It constitutes the etiologic agent of a wide range of diseases causing skin and soft tissue infections (SSTIs), necrotizing pneumonia, toxin syndromes, systemic invasive infections, etc.[@b4-vmrr-6-373],[@b8-vmrr-6-373] This spectrum of diseases reflects the ability of strains to synthesize surface proteins that contribute to adhesion, toxins, and peptides mediating immune responses and enzymes contributing to their survival and virulence.[@b9-vmrr-6-373]--[@b12-vmrr-6-373]

Epidemiologic studies rely on molecular characterization of clonal lineages that were spread in the hospitals and the community. The most widely used methods are phage typing, followed by pulsed-field gel electrophoresis (PFGE), multilocus sequence typing (MLST), and *spa* typing.[@b4-vmrr-6-373] MLST classifies *S. aureus* isolates on the basis of allelic variation in seven housekeeping genes; therefore, clones consist of isolates with identical sequences at all seven loci and are assigned a unique sequence type (ST); clonal complexes comprise closely related STs differing by single nucleotide polymorphisms to a lesser than three loci.[@b13-vmrr-6-373] Nowadays, whole-genome sequence approaches provide information about clonal evolution, virulence, and antibiotic resistance, giving more concise information about this pathogen.[@b4-vmrr-6-373]

Strains from nosocomial MRSA infections, characterized as health care-associated MRSA (HA-MRSA), are typically isolated after 72 hours of hospital admission and usually contain MRSA clones harboring SCC*mec* type I, II, or III ([Table 1](#t1-vmrr-6-373){ref-type="table"}). Such strains are mainly associated with bacteremia, pneumonia, or urinary tract infections.[@b4-vmrr-6-373],[@b8-vmrr-6-373],[@b14-vmrr-6-373] Nosocomial MRSA is mostly reported as an adult pathogen, but it has also been associated with infections in pediatric and neonatal intensive care units.[@b4-vmrr-6-373],[@b8-vmrr-6-373],[@b14-vmrr-6-373] Some MRSA lineages such as those belonging to clonal complex CC30 and sequence type ST239 were among the most widely spread in the health care system, being responsible for HA-MRSA outbreaks.[@b4-vmrr-6-373] However, CC30 strains have reduced their virulence capacity, a fact that may lead to underestimation of their spread.[@b4-vmrr-6-373] ST239 strains harbor SCC*mec*III element and have been classified into three major subclones (clades).[@b4-vmrr-6-373] It is remarkable that selected MRSA lineages are disseminated in every continent causing the majority of nosocomial infections, including bloodstream, catheter-related, surgical wounds infections, meningitis associated with shunt, deep seated abscesses, empyema, and bone or joint infections ([Table 1](#t1-vmrr-6-373){ref-type="table"}).[@b1-vmrr-6-373],[@b4-vmrr-6-373],[@b8-vmrr-6-373],[@b14-vmrr-6-373]--[@b17-vmrr-6-373] In the late 1990s, MRSA emerged as a community pathogen among patients without predisposing risk factors or any relation to health care settings (community-associated MRSA \[CA-MRSA\]).[@b1-vmrr-6-373],[@b4-vmrr-6-373] Isolates from CA-MRSA infections are typically recovered in \<72 hours of hospital admission; they usually harbor SCC*mec* type IV or V and cause skin and SSTI ([Table 1](#t1-vmrr-6-373){ref-type="table"}).[@b1-vmrr-6-373],[@b4-vmrr-6-373],[@b9-vmrr-6-373],[@b12-vmrr-6-373]--[@b17-vmrr-6-373] These infections were identified as outbreaks in different countries; however, fatal cases were also soon reported.[@b1-vmrr-6-373],[@b4-vmrr-6-373] CA-MRSA clones were identified in USA, Europe, Latin America, Australia, and Asia. They were usually susceptible to non-beta-lactam antimicrobials, carried SCC*mec* types IV and V, phenol-soluble modulins, and Panton--Valentine leukocidin genes (PVL); recently, they have infiltrated the health care system.[@b1-vmrr-6-373],[@b4-vmrr-6-373],[@b9-vmrr-6-373],[@b12-vmrr-6-373] These strains are mainly associated with SSTIs; however, they may cause more invasive life-threatening infections, such as necrotizing pneumonia, musculoskeletal diseases, and septicemias, to a lesser extent (5%--10%).[@b1-vmrr-6-373],[@b4-vmrr-6-373],[@b9-vmrr-6-373],[@b12-vmrr-6-373],[@b14-vmrr-6-373] MRSA clones are transmitted within households and they can persist on surfaces.[@b14-vmrr-6-373]

Furthermore, *S. aureus* causes food-borne diseases resulting from the consumption of preformed enterotoxins with contaminated food by toxin-producing strains.[@b10-vmrr-6-373] Sporadic cases are referred, but it seems that the incidence is much higher and underreported.

### Methicillin-resistant *S. aureus* infections in animals

Apart from humans, MRSA has been recognized as an important pathogen of animals, including food chain ones, companion and exotic animals, as well as horses. Close proximity of animals with humans led to the spread of bacterial species, interchangeably from animals to humans and vice versa.[@b16-vmrr-6-373] Molecular typing revealed that MRSA strains with particular genetic characteristics (lineages or clones) are associated with specific hosts (animal species), whereas other lineages are widely disseminated ([Table 2](#t2-vmrr-6-373){ref-type="table"}).[@b16-vmrr-6-373],[@b18-vmrr-6-373] Some paradigms include CC97, CC151, and CC130 strains, which were very rarely isolated from humans, causing bovine mastitis; ST398 clone was first isolated from pigs and later from other animal species and humans, whereas ST1 clone of human origin was later recovered from cattle and pigs in Europe ([Table 2](#t2-vmrr-6-373){ref-type="table"}).[@b16-vmrr-6-373],[@b18-vmrr-6-373] In most cases, MRSA clones isolated from companion animals differ from those of food chain animals and are of human origin. However, this issue has not been definitely resolved since a study from Belgium demonstrated that ST398 strains are spread among pigs, humans, and pets living in the same farm.[@b19-vmrr-6-373] MRSA infections among companion animals including horses mainly concern SSTIs and surgical wounds.[@b16-vmrr-6-373],[@b19-vmrr-6-373],[@b20-vmrr-6-373] In cattle, they cause mastitis, whereas exudative epidermitis is reported among pigs.[@b20-vmrr-6-373] A large-scale study in Germany revealed that CC22 and CC5 MRSA causing wound infections in humans predominated among infected dogs and cats, whereas CC398 strains were isolated from horses, suggesting that this lineage was adapted to a new host ([Table 2](#t2-vmrr-6-373){ref-type="table"}).[@b21-vmrr-6-373],[@b22-vmrr-6-373]

Emergence of MRSA in veterinary settings
========================================

The predominant staphylococcal species colonizing or infecting animals vary according to animal species. Although *S. aureus* is the main species in humans, other coagulase-positive staphylococci, such as *Staphylococcus pseudintermedius*, predominate in domestic animals. However, an increased incidence of human infections due to MRSA probably led to the spread of MRSA in veterinary species.[@b23-vmrr-6-373] Faires et al evaluated the rate of MRSA transmission from infected animals to humans and vice versa. Upon MRSA-infected animal identification, at least one MRSA-colonized household person was identified in \>25% (6/22, 27.3%) of the cases. In contrast, only one out of eight (12.5%) MRSA-infected humans had an MRSA-colonized pet.[@b24-vmrr-6-373] The increasing number of published sporadic MRSA infections, MRSA-infectious diseases, and MRSA outbreaks in veterinary medicine justifies their recognition as a "New Emerging Pathogen" today.[@b25-vmrr-6-373]

The first MRSA isolation was described in 1972, from a bovine mastitis case, and ever since, several reports from animal-linked populations were documented.[@b26-vmrr-6-373]--[@b29-vmrr-6-373] MRSA strains are isolated from a number of vertebrate hosts, including cats, dogs, horses, cattle, chickens, rabbits, and pigs.[@b30-vmrr-6-373] In cattle, MRSA is a major mastitis pathogen that is spread through cow-to-cow, usually during milking.[@b31-vmrr-6-373] It is interesting that even though MRSA is commonly isolated from milk, bacteria have been infrequently recovered from cases of clinical and subclinical bovine mastitis.[@b32-vmrr-6-373],[@b33-vmrr-6-373] Although MRSA can be isolated from cattle, infection is relatively rare.

In 1997, Hartmann et al reported one MRSA strain isolated from a postoperative wound infection of a horse,[@b29-vmrr-6-373] whereas in 1999, Seguin et al reported an equine outbreak taken place in a veterinary hospital.[@b34-vmrr-6-373] In horses, the types of MRSA involved in colonization or infection vary depending on the region studied. Canadian MRSA-5, a rare strain to humans, is the most frequent one isolated in the country from horses and horse personnel. In Europe, other MRSA strains have been identified including ST398, a type of porcine origin ([Table 2](#t2-vmrr-6-373){ref-type="table"}).[@b35-vmrr-6-373],[@b36-vmrr-6-373] Recently, according to whole-genome analytical and epidemiologic studies, *S. aureus* ST398 strains are clustered into two distinct phylogenetic clades, a livestock and a basal human clade.[@b37-vmrr-6-373],[@b38-vmrr-6-373] Main characteristics of the former clade are the loss of bacteriophage ΦSa3 and the acquisition of a Tn916-like transposon carrying the *tetM* gene; human *S. aureus* ST398 clade harbor ΦSa3 and the human-specific immune evasion cluster genes that carry the *scn* and *chp*, encoding a staphylococcal complement inhibitor and a chemotaxis inhibitor protein, respectively.[@b37-vmrr-6-373],[@b38-vmrr-6-373]

The first report of MRSA isolation in swine populations was described in France.[@b39-vmrr-6-373] Swine-associated MRSA colonization and infection have now been detected across Europe, in North America, and Asia, with a rate of colonization among pigs up to 49%.[@b40-vmrr-6-373]--[@b43-vmrr-6-373] The emergence of MRSA ST398 in swine and the association of human colonization with such strains among veal calf surgeons suggest that cattle may serve as a reservoir for MRSA colonization or infection.[@b44-vmrr-6-373] This is strengthened by the fact that ST398 strains colonize humans who work with swine or veal calves in Europe. In addition, farm rats are colonized by ST398 MRSA, suggesting that farm rodent populations may play a role in dissemination and persistence of such strains during swine operations.[@b45-vmrr-6-373] Furthermore, dust samples taken from swine operations harbor MRSA, suggesting that a transmission route from farm animals to dust followed by colonization of rats and other farm rodent populations may play a role as environmental reservoirs for human colonization and infection.[@b43-vmrr-6-373]

All avian species appear to be susceptible to staphylococcal infections and are common wherever poultry are raised. *S. aureus* is the usual causative agent, but other staphylococci (*Staphylococcus hyicus* and *Staphylococcus cohnii*) may also be found. The rate of methicillin resistance varies among regions. Although USA meat is usually disinfected, recent studies have demonstrated that 25% of chicken and turkey retail samples were positive for *S. aureus*, whereas 3.9% and 1.7%, respectively, were positive for MRSA in Michigan.[@b46-vmrr-6-373] The prevalence of *S. aureus* in turkey and chicken in Iowa was 19.4% and 17.8%, respectively, without any MRSA isolation.[@b47-vmrr-6-373] Most of poultry MRSA belong to ST5, a clone of human origin.[@b48-vmrr-6-373] This clone was also detected in turkeys, but with a lower frequency. Other turkey MRSA isolates belong to CC9 and CC398, which are both livestock-associated lineages.[@b49-vmrr-6-373]

Dogs and cats may become colonized or infected with *S. aureus*, including MRSA. Usually, they are colonized by other staphylococcal species, several of which express methicillin resistance. Various studies clearly demonstrate that MRSA strains found in companion animals are frequently identical to human epidemic clones.[@b16-vmrr-6-373]--[@b18-vmrr-6-373],[@b28-vmrr-6-373],[@b50-vmrr-6-373]--[@b52-vmrr-6-373] Associated infections usually include pyoderma or postoperative wounds infections, and infrequently otitis, urinary tract infections, and arthropathies.[@b53-vmrr-6-373]--[@b55-vmrr-6-373]

Detection of *S. aureus* and specifically MRSA in wildlife is scarce, although healthy carriage or infections have been reported in red squirrels (exudative dermatitis),[@b56-vmrr-6-373] black bear (endocarditis),[@b57-vmrr-6-373] zebra (cutaneous granuloma),[@b58-vmrr-6-373] raccoon,[@b59-vmrr-6-373] and dolphins (pyogenic meningoencephalitis).[@b60-vmrr-6-373]

Prevalence of MRSA in companion animals; reservoirs
===================================================

Identification of MRSA in companion and livestock animals has expanded the interest in understanding the genetic evolution and adaptation of such strains in different hosts. With molecular analyses, it is proven that the bacterium always evolves, encountering environmental conditions, response to selective pressure from host-specific environment, competition with microorganisms of the host's normal flora, and antimicrobial usage, which varies among host species.[@b18-vmrr-6-373] Knowledge of MRSA host adaptation and animal reservoirs is of importance for the implementation of control practices not only in hospital and veterinary settings but also in the household. The host adaptation ability has been proven for MRSA CC133 and CC398 that include the human lineage with immune evasion cluster genes such as *chp*, *sak*, and *scn* carried on ΦSa3 bacteriophage, and the animal lineage carrying *vwb* gene.[@b18-vmrr-6-373],[@b37-vmrr-6-373],[@b38-vmrr-6-373] Human lineages are isolated from people without any contact with farm animals, whereas farmers and veterinarians may be colonized by lineages of animal origin ([Table 2](#t2-vmrr-6-373){ref-type="table"}).[@b18-vmrr-6-373] Such an event has not been as yet characterized among MRSA clones from companion animals. With today's expansion of companion animal market, besides dogs, cats, horses, as well as small exotic animals that live in households should be included.[@b61-vmrr-6-373] In USA, it is estimated that 62% of the population lives with a pet.[@b61-vmrr-6-373] The majority host dogs, followed by cats, birds, reptiles, or other small animals.[@b61-vmrr-6-373] Moreover, zoo parks and aquariums are included in the same group, since several animal species are in close contact with humans.

MRSA studies in animals have proved that nares, mouth, and perineum constitute the major sites of colonization,[@b62-vmrr-6-373] whereas the belly area that is often in close contact with humans is usually colonized with staphylococci.[@b63-vmrr-6-373] Misic et al have investigated the microbiota flora from sites that usually are colonized by *S. aureus* among companion animals and their household contacts.[@b62-vmrr-6-373] *S. aureus* and MRSA carriage in cats were not associated with changes in the rest microbial community, whereas in dogs, carriage was associated with changes of the microbiota flora.[@b62-vmrr-6-373] Moreover, pets share common microbiota flora with their households and not with other pets outside their house.[@b62-vmrr-6-373] This finding was verified by the fact that people who did not have a pet carried microbiota more similar to each other as compared to people who did have pets in their household.[@b62-vmrr-6-373]

Molecular typing shows that cats and dogs are colonized or infected by HA-MRSA from humans in close contact, such as CC5, CC8, CC22, CC59, and CC239 ([Table 2](#t2-vmrr-6-373){ref-type="table"}). In horses, MRSA lineages of animal origin are characterized: CC1, CC5, CC8, CC22, CC72, and CC398, whereas among exotic and wildlife animals, a variety of clones have been detected ([Table 2](#t2-vmrr-6-373){ref-type="table"}).[@b16-vmrr-6-373],[@b18-vmrr-6-373],[@b21-vmrr-6-373],[@b22-vmrr-6-373],[@b52-vmrr-6-373],[@b63-vmrr-6-373]--[@b72-vmrr-6-373]

In a study performed in the Greater London area among healthy and veterinary-treated dogs, cats, and horses, it was shown that healthy animals carried MRSA in a percentage of 0.66%, 0.46%, and 0%, respectively, whereas the prevalence was higher among treated animals (3.23%, 2.16%, and 1.97%).[@b64-vmrr-6-373] The overall MRSA carriage was low (1.5%), and this result should be taken into consideration by veterinary personnel and household contacts. Clonal analysis showed the presence of CC22 and CC30 clones in cats and dogs and CC22, CC8/ST239, and ST398 in horses.[@b64-vmrr-6-373] Pets carried HA-MRSA clones, whereas ST398 characterization of animal origin suggests that more epidemiologic studies are needed.[@b64-vmrr-6-373]

Kottler et al screened healthy pets for MRSA colonization, whereas their households were assigned into three groups: veterinary personnel, health care workers, and those without any contact with the health care system.[@b73-vmrr-6-373] No differences were found in MRSA carriage among the human groups (MRSA in total 5.63%), whereas MRSA prevalence among pets was 3.41%. Only four person--pet pairs had identical PFGE banding patterns. However, it was not apparent whether the corresponding strains originated from the pet or the owner.[@b73-vmrr-6-373]

Molecular analysis of MRSA recovered from humans and animals in Portugal showed that CC5 and CC22 clones isolated from pets were the same as the human HA-MRSA and CA-MRSA lineages carrying also toxin genes, PVL included.[@b65-vmrr-6-373] Of importance is that one strain belonged to ST105-II (CC5), the same ST as a vancomycin-resistant *S. aureus* that had earlier been described in the country. This result poses a threat of whether pets could be a reservoir for virulent MRSA, as well as vancomycin-resistant *S. aureus* spread.[@b65-vmrr-6-373]

Estimation of MRSA infections in companion animals was performed over a 5-year period in France. A total of 23 strains were identified (1.8%), which in their majority carried enterotoxin genes and to a lesser extend *tst* and leukotoxins' genes.[@b74-vmrr-6-373] Sixteen strains were assigned to the Lyon clone, SCC*mec*-IV, the most prevalent human HA-MRSA one.[@b74-vmrr-6-373] It is of interest the identification of one USA300 strain in the aforementioned collection.[@b74-vmrr-6-373]

Higher MRSA rates were detected in a large study performed in Germany during 2010--2012 among dogs, cats, and horses with wound infections. *S. aureus* was identified in 5.8%, 12.2%, and 22.8% of samples, respectively.[@b21-vmrr-6-373],[@b22-vmrr-6-373] MRSA accounted for 62.7% of canine, 46.4% of feline, and 41.3% of equine isolates, corresponding to an epidemiologic infection prevalence of 3.6%, 5.7%, and 9.4%, respectively.[@b21-vmrr-6-373],[@b22-vmrr-6-373] MRSA genotyping showed that the infection source for dogs and cats is humans, since the identified clones (CC22 and CC5) cause wound infections predominately in the country.[@b21-vmrr-6-373],[@b22-vmrr-6-373] On the contrary, clone CC398 seems to replace former CC8 among horses.[@b21-vmrr-6-373],[@b22-vmrr-6-373]

In a comprehensive study from Austrian companion animals (dogs, cats, rabbits) and horses with MRSA infections, ST398-SCC*mec* type IVa was isolated from all species, whereas three strains carried enterotoxin genes.[@b67-vmrr-6-373] Similar results were published from the Netherlands, where outbreaks in horses with postsurgical wound infections were investigated in a veterinary hospital and animal clinics.[@b68-vmrr-6-373] The predominant MRSA clones that spread within horses and the environment were the ST398 followed by ST8.[@b68-vmrr-6-373]

Morris et al, in USA, studying household contacts and their pets (dogs and cats) previously diagnosed with SSTIs, found that 11.6% of the pets were MRSA-positive.[@b17-vmrr-6-373] The decreased yield over time suggests that MRSA carriage was rather transient in pets.[@b17-vmrr-6-373] Clonal analysis showed the predominance of USA100 (HA-MRSA) and the presence of USA300 and USA400 (CA-MRSA) PFGE types. This result may be explained by the fact that USA100 is the major human nasal colonizer in USA.[@b17-vmrr-6-373] Moreover, molecular analysis could not prove a direct person to pet transmission.[@b17-vmrr-6-373] Predominance of USA100 clone (ST5-SCC*mec*II) was also identified in six healthy companion animals in Athens, Georgia, by Davis et al.[@b63-vmrr-6-373] Similar results were found in a multicenter study with participation of five institutions in USA, where, households and pets (dogs, cats, and reptiles) of patients with MRSA SSTIs were sampled.[@b75-vmrr-6-373] MRSA prevalence in pets was 8%, a population that may serve as a reservoir for human reinfection.[@b75-vmrr-6-373] Moreover, authors showed that mouth is the most sensitive anatomical site for MRSA colonization screening studies.[@b75-vmrr-6-373]

Nasal staphylococcal colonization was performed in a veterinary clinic in Rio de Janeiro among 130 companion animals. Only one cat was found MRSA positive. The strain was classified as a PVL-negative ST30-SCC*mec*IV carrying enterotoxins and phenol-soluble modulins α*3* genes, already characterized as the human clone causing SSTIs.[@b66-vmrr-6-373]

Presence of *S. aureus* and MRSA was investigated also among wild animals in a pilot study conducted in Central Iowa, including 37 species. Three animals carried MRSA (2.6%) and seven MSSA (6.1%), whereas three *S. aureus* were PVL positive.[@b76-vmrr-6-373] Thus, it was shown that MRSA is spread in wild animals, even though more studies are needed to estimate its prevalence in this population.

Among pets and especially dogs, *S. pseudintermedius* predominates as a colonizer of coagulase-positive staphylococci species, as reported also from Lithuania. Among pets, 5.3% were positive for methicillin-resistant staphylococci, but none was MRSA.[@b77-vmrr-6-373] It seems that MRSA carriage is transient in pets. More long-term studies are needed among healthy and infected pets, veterinary personnel and environment, as well as household contacts in order to clarify whether pets, other household animals, humans, or the environment is the reservoir of MRSA. Studies performed in different countries have shown that among companion animals in close contact with humans, cats, and dogs carry MRSA lineages of human origin, whereas horses and pets living in farms carry MRSA of animal origin. More studies are needed to estimate MRSA epidemiology in more exotic animal species that may come in contact with humans.

Transmission risk of MRSA to humans and vice versa
==================================================

Pets, including cats, dogs, horses, and exotic species, may carry MSSA and MRSA.[@b23-vmrr-6-373] Significant risk factors for MRSA infection in dogs and cats are the number of antimicrobial courses, the number of days admitted to veterinary clinics, and surgical implants.[@b78-vmrr-6-373] Although *S. aureus* is not the primary staphylococcal species causing SSTIs in companion animals, current literature demonstrates that domestic pets can carry or may be infected by the same MRSA epidemic strains that cause SSTIs in humans.[@b79-vmrr-6-373],[@b80-vmrr-6-373] Therefore, pets can harbor MRSA and it is conceivable that they may be a source of cross-transmission to human family members. Until now, little is known about pet owners and the role of contact with infected pets. Loeffler et al[@b80-vmrr-6-373] demonstrated for the first time an occupational risk in small animal general practitioners by MRSA carriage. In the same study, high risk groups for MRSA carriage were veterinary staff and owners of MRSA infected pets, despite having no direct hospital links. In another study, Loeffler et al failed to prove direct transmission of MRSA in a rescue kennel from a dog with wound infection to other animals.[@b81-vmrr-6-373] Even though ten carriage isolates were recovered from healthy dogs that were assigned in the same clone as the infecting one (CC22), no direct transmission was proved, but rather environmental exposure.[@b81-vmrr-6-373]

Although the role of pet animals in the transmission of MRSA in the community is not well defined, pet owners and humans who work in farms and veterinary hospitals seem to be at greater risk of MRSA colonization or infection, emphasizing a possible transmission of MRSA between animals and humans.[@b52-vmrr-6-373],[@b62-vmrr-6-373],[@b63-vmrr-6-373],[@b65-vmrr-6-373],[@b69-vmrr-6-373],[@b82-vmrr-6-373] Given that the incidence of MRSA carriage in companion animals has increased substantially,[@b69-vmrr-6-373] intimate contact between pets and their owners creates favorable conditions for MRSA transmission. On the other hand, several case reports note that infections of humans persist until the pet (as well as any other colonized or infected cohabitant) is treated with antimicrobials to which bacteria are susceptible.[@b50-vmrr-6-373],[@b51-vmrr-6-373],[@b83-vmrr-6-373],[@b84-vmrr-6-373] This is reinforced by the finding that pets may be colonized with the same strains causing infection to human households.[@b52-vmrr-6-373] Risk factors for MRSA infection in animals were investigated in Germany, where the number of veterinary personnel, previous antimicrobial therapy, and surgical wound infections constituted statistically significant factors, a result comparable to similar factors assigned for human MRSA infections.[@b21-vmrr-6-373],[@b22-vmrr-6-373] There are increasing reports suggesting that pet animals may play a role in household MRSA transmission; it is not clear whether pets are colonized when owners are infected or whether the pet is exposed to MRSA from the colonized owner or a contaminated environment. Thus, it is obvious that companion animals represent important targets for intervention to curb further transmission of MRSA in the household and the community.[@b85-vmrr-6-373] It is notable that, in addition to contact with veterinary clinics, surgery and antimicrobial use, contact with children and licking behaviors constitute another risk factor for pet colonization.[@b86-vmrr-6-373] Interaction between children and pets within households includes direct face-to-face contact through licking or biting behavior or indirect contact through shared objects.[@b87-vmrr-6-373]

In a multicenter study from People's Republic of China involving six participating veterinary hospitals, a large collection of nasal swabs from healthy and infected pets, as well as, hospitals' personnel was processed.[@b70-vmrr-6-373] A total of 22 MRSA strains were identified (prevalence in pets 1.1%), the majority being classified into ST59-SCC*mec*IV clone related to the human one, whereas one strain belonged to ST398-SCC*mec*V previously detected also in humans. Moreover, one MRSA strain from a veterinarian and two from dogs hospitalized in the same hospital were genetically identical (ST239-SCC*mec*III), suggesting in-hospital transmission.[@b70-vmrr-6-373]

Risk factors for MRSA carriage were investigated among veterinarians and veterinary technicians in a small animal clinic in Japan. Veterinarians (MRSA prevalence 22.9%) and sex (male, MRSA prevalence 29.2%) were risk factors for MRSA colonization.[@b88-vmrr-6-373] Even though contact with MRSA-infected pets was reported, no association of this factor with MRSA carriage in the personnel was statistically proved.[@b88-vmrr-6-373] Potential transmission of MRSA among veterinary staff, environment, and dogs was detected by molecular analysis of recovered strains in Malaysia, a country with high MRSA prevalence.[@b71-vmrr-6-373]

Even though pets are colonized with human MRSA lineages in most cases, in a study from Belgium including six farms with MRSA ST398-positive pigs, cluster analysis and similarity % showed that MRSA ST398 of animal origin was disseminated among humans, environment, pets, and rodents, suggesting animal-to-animal transmission with environment playing also a role in this route.[@b19-vmrr-6-373]

Pets other than dogs and cats may also be important factors in transmission. MRSA has been identified in parrots and other birds, hamsters and small ruminants, iguanas, and turtle. Even though these animals have less frequent contact with humans as compared to cats and dogs and transmit MRSA to a lesser extent, a parrot, a rabbit, a guinea pig, a bat, and a turtle were found to be infected by the human lineage ST22-SCC*mec* IV in a small animal clinic in Berlin.[@b72-vmrr-6-373]

Strain relatedness between staphylococcal isolates from people and animals within households tends to be similar to those between human household members. Fifty percent to 67% of households bear indistinguishable MRSA strains. Although discovery of related strains in both humans and animals suggests that transmission has occurred, it does not show the direction of movement (from people to animals, vice versa, or from a common source). Moreover, some staphylococcal lineages may be better adapted to multispecies colonization than others.

Conclusion and future perspectives
==================================

MRSA is a prevalent problem in human and veterinary medicine. Veterinarians should be aware of the potential spread of MRSA in various animal species. Even though limited risk factors have been reported to be implicated in MRSA transmission between animals and humans, detailed analysis of outbreaks when occurred and the resulted control have proved that infection control practices such as the "search and destroy" policy applied in hospital settings are of the same importance in veterinary practice. The search and destroy policy consists of screening for MRSA carriage in patients, households including pets and environment, decolonization treatment, and follow-up.[@b89-vmrr-6-373] Therefore, proper antimicrobial usage, education, hand hygiene, and general screening for MRSA in veterinary personnel should be applied, particularly by introducing wound infection surveillance, decolonization, and follow-up surveillance studies. Moreover, it seems that besides companion animals and veterinarians the environment is also of great importance. Taking into account the fact that MRSA can survive on surfaces from 4 days to \>51 days depending on the material tested, infection control practices should also involve environmental measures when outbreaks occur.[@b14-vmrr-6-373],[@b89-vmrr-6-373],[@b90-vmrr-6-373] Although the factors that promote person to pet cross-transmission are not as yet clearly elucidated, pet owners, especially immunocompromised patients, should also be educated regarding common sense practices to help mitigate the risk; such recommendations include both "social distancing" and hygiene practices. Other suggestions may be prevention of pets from licking the infected person or sleeping on the person's bed, covering wounds and abrasions, avoidance of contact with exudates or excretions, daily washing of the pet's food and water dishes, frequent laundering of pet bedding, and proper disposal of pet waste. Finally, household pets do not need to be removed if a family member acquires an MRSA infection. However, general precautions, such as good hand hygiene to limit interspecies transmission are encouraged. Additional social measures to limit contact during periods of active shedding (ie, clinical illnesses) may also be necessary.

The conclusion of this review is that certain MRSA genotypes are able to infect a specific spectrum of animals. A worldwide finding is that dogs and cats, as well as small exotic animals living in close contact with humans may be colonized or infected by human HA-MRSA or CA-MRSA clones circulating in a particular country. On the other hand, MRSA lineages of animal origin have been recovered from horses. This result is also observed in close contact farm pets, rodents, and humans. Therefore, hygiene practices are also recommended for farm animals and their close contacts.

Strategies to break the cycle of MRSA infection between animals and humans in close contact must be applied. Since all potential risk factors for MRSA transmission from animals to humans and vice versa have not been completely elucidated, broader studies in different settings and molecular analysis of recovered strains are needed in order to give an insight into MRSA evolution in animal and human environment.
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###### 

Characteristics differentiating between health care and community-associated MRSA (HA-MRSA, CA-MRSA) infections in humans

                   HA-MRSA                                                                            CA-MRSA
  ---------------- ---------------------------------------------------------------------------------- --------------------------------------------------------
  Phenotype        Resistant                                                                          Susceptible
  Patients         In contact with health care settings                                               No previous contact with health care settings
  Age              Older                                                                              Younger
  Infections       Septicemia, pneumonia, ventilator-associated pneumonia, surgical site infections   Skin and soft tissue infections, necrotizing pneumonia
  SCC*mec* types   I--III                                                                             IV--V
  PVL              Negative                                                                           Positive
  Clones                                                                                              
   Europe          ST239                                                                              ST80
   USA             ST5                                                                                ST1, ST8
   Australia       ST22, ST239                                                                        ST93, ST30
   Asia            ST239, ST5                                                                         ST59, ST30, ST72

**Note:** Data from Knox et al,[@b14-vmrr-6-373] Song et al,[@b15-vmrr-6-373] Pantosti,[@b16-vmrr-6-373] and Morris et al.[@b17-vmrr-6-373]

**Abbreviations:** MRSA, methicillin-resistant *Staphylococcus aureus*; HA-MRSA, health care-associated MRSA; CA-MRSA, community-associated MRSA; PVL, Panton--Valentine leukocidin.

###### 

Methicillin-resistant *S. aureus* (MRSA) most common clones identified in humans and animals according to location

  Clonal complex   Sequence type                Hosts                                                             Location                                                                         References
  ---------------- ---------------------------- ----------------------------------------------------------------- -------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------
  CC1              ST1                          Humans, pigs, cattle, horses                                      Europe, South America, Australia                                                 [@b16-vmrr-6-373],[@b18-vmrr-6-373],[@b67-vmrr-6-373]
  CC5              ST5 (USA100)                 Humans, pigs, cattle, horses, poultry, companion animals          Worldwide                                                                        [@b16-vmrr-6-373],[@b18-vmrr-6-373],[@b21-vmrr-6-373],[@b22-vmrr-6-373],[@b52-vmrr-6-373],[@b63-vmrr-6-373],[@b65-vmrr-6-373],[@b67-vmrr-6-373]
  CC8              ST8 (USA500), ST239, ST254   Humans, pigs, cattle, horses, companion animals, exotic animals   USA, Canada, Japan, Europe, Australia, People's Republic of China, South Korea   [@b16-vmrr-6-373],[@b18-vmrr-6-373],[@b22-vmrr-6-373],[@b52-vmrr-6-373],[@b68-vmrr-6-373]--[@b70-vmrr-6-373],[@b72-vmrr-6-373]
  CC9              ST9                          Horses, pigs                                                      Europe, Canada, People's Republic of China, Malaysia, Thailand                   [@b16-vmrr-6-373],[@b18-vmrr-6-373]
  CC22             ST22, ST36                   Humans, companion animals, horses, exotic animals                 Europe, People's Republic of China, Australia                                    [@b16-vmrr-6-373],[@b18-vmrr-6-373],[@b21-vmrr-6-373],[@b22-vmrr-6-373],[@b64-vmrr-6-373],[@b65-vmrr-6-373],[@b67-vmrr-6-373],[@b69-vmrr-6-373],[@b72-vmrr-6-373]
  CC30             ST30, ST36                   Humans, companion animals                                         South America, Europe                                                            [@b64-vmrr-6-373],[@b66-vmrr-6-373]
  CC59             ST59                         Humans, companion animals                                         Malaysia, People's Republic of China                                             [@b70-vmrr-6-373],[@b71-vmrr-6-373]
  CC80             ST80                         Humans, companion animals                                         Europe                                                                           [@b69-vmrr-6-373]
  CC97             ST97                         Humans, pigs, cattle, goats, sheep, rats, ostrich                 Europe, South America                                                            [@b16-vmrr-6-373],[@b18-vmrr-6-373]
  CC59                                          Humans, companion animals                                         People's Republic of China, Malaysia                                             [@b18-vmrr-6-373]
  CC130            ST130                        Humans, cattle                                                    Europe                                                                           [@b16-vmrr-6-373]
  CC133            ST133                        Human, sheep, goats                                               Europe                                                                           [@b16-vmrr-6-373]
  CC398            ST398                        Pigs, humans, cattle, poultry, horses, rats, companion animals    Europe, People's Republic of China                                               [@b16-vmrr-6-373],[@b21-vmrr-6-373],[@b22-vmrr-6-373],[@b65-vmrr-6-373],[@b67-vmrr-6-373]--[@b70-vmrr-6-373]
